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1 Abstract

The permittivity and dielectric loss tangent of single-
crystal quartz, cross-linked polystyrene (Rexolite), and
polytetrafluoroethylene (Teflon) were measured at mi-
crowave frequencies and at temperatures of 77 K and
300 K using a dielectric resonator technique. Applica-
tion of high-temperature superconducting (HTS) films
as the endplates of the dielectric resonator made it pos-
sible to determine dielectric loss tangents of about 7
x 107% at 77 K. Two permittivity tensor components
for uniaxially anisotropic crystalline quartz were mea-
sured. Although the permittivities at 77 K changed
very little from their room temperature values at 300 K,
large changes in dielectric losses were observed. The de-
creased loss characteristics of these microelectronic sub-
strates can markedly improve the performance of many
microwave devices at cryogenic temperatures.

2 Introduction

The performance parameters of many microwave de-
vices depend on dissipation losses at the operating fre-
quency and ambient temperature of the device. Often
these performance parameters are limited by dielectric
substrate losses. Many attempts have been made to
characterize the dielectric properties of materials which
are used for deposition of HTS films {1-3], which possess
unique crystalline lattice structures that allow adherence
of the HTS film. The dielectric characteristics at cryo-
genic temperatures of other commonly used microelec-
tronic substrates are also important in assessing poten-
tial performance gains of microwave devices operated at
low temperature. In this paper a very sensitive method
is used to measure permittivity and dielectric loss tan-
gent of cylindrical samples of dielectric substrates. This
method makes it possible to measure dielectric loss tan-
gents on the order of 10™® accurately.

3 Measurements

The resonant system which was used to measure per-
mittivity and dielectric loss tangent at cryogenic temper-
atures is shown in Fig. 1. The dielectric sample under
test constitutes a cylindrical dielectric resonator situ-
ated between two parallel superconducting films (77 K)
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Figure 1: Resonant setup for measurement of per-
mittivity € and dielectric loss tangent at cryogenic
temperatures.

or copper plates (300 K). Provided that the sample faces
are optically finished, there are no air gaps between the
sample and the endplates. The cylindrical samples may.
in general, possess uniaxial anisotropy along the cylinder
axis.

Measurements on isotropic materials are performed
using one of the TEon; modes (usually the TEo1; mode).
The same circularly symmetric modes are also used for
measurements of the permittivity tensor component (¢)
that is perpendicular to the anisotropy axis of uniaxially
anisotropic substrates. For anisotropic materials. deter-
mination of the parallel permittivity tensor component
(¢:) requires additional experiments with oue of the hy-
brid or TM modes. We have used the HE,;; and the
HE211 modes since they can be easily excited. The per-
mittivity perpendicular to the anisotropy axis has been
evaluated by solving the charactenstic equation for the
TEon: mode family, while taking into account the ge-
ometric dimensions of the resonant structure and the
resonant frequency for the appropriate mode. Since we
know ¢ and the resonant frequency for at least one hy-
brid mode, we can evaluate ¢. by solving the following
hybrid mode characteristic equation, valid for k2 > 0,
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and Jm is a Bessel function of first kind, In, K'm are
modified Bessel functions, w is angular frequency, c is
the speed of light, b, a are the radii of sample and cylin-
drical cavity, L is sample height, { is an integer 1,2,3, ...
denoting number of half-wavelength variations along z-
direction, and ' represents differentiation. The dielectric
loss tangent for TEoy; mode excitation is evaluated from

tan§ = p.(1/Q. — 1/Q.) , (2)

where Q. is the unloaded Q factor for the resonant sys-
tem with dielectric sample, Q. is the @ factor depend-
ing on conductor losses, and p. is the electric-energy
filling factor, which can be computed from the permit-
tivity of the dielectric sample under test. Evaluation of
Q. requires measurements of the surface resistances of
the HTS films used and of copper. For measurements
at 77 K, 76 mm diameter yttrium- barium-copper-oxide
(YBCO) films deposited on buffered sapphire substrates
were used.

A variational uncertainty analysis which includes
sources of measurement error due to dielectric sample
dimensions, surface resistance of resonator endplates,
and resonance frequency and Q factor determination was
performed. Systematic errors in the determination of ¢
are only weakly affected by imperfections of the dielec-
tric sample faces, since for TE modes the electric field
has only an azimuthal component tangential and con-
tiguous with the sample surface. Measurement uncer-
tainties for ¢;, however, are strongly affected by end-
plate air-gap effects. These uncertainties increase as ¢.
increases and as the dielectric sample aspect ratio (2b/L)
decreases. Typical total combined uncertainties for well-
machined samples are 0.3 percent for ¢ and 1-2 percent
for €; (if ¢; does not exceed 30-40).

The results of laboratory experiments as a function of
temperature T and frequency f are summarized in Ta-
ble 1. The quartz crystal sample was c-axis oriented,
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Table 1: Dielectric properties of crystalline quartz,
Rexolite, and Teflon at cryogenic temperatures and
microwave frequencies.

Material € tan é T (K) | { (GHz)
Quartz | 4.443° [ 1.3x 10~ | 300 9.03
4.590% — 300 7.75
4.424* | 70x 107 77 9.06
4.580% — 77 7.77
Rexolite 2.558 40x 10™* 300 13.0
2.504 | 25x 107! 7 13.0
Teflon 2.055 | 2.0x 10~ 300 9.93
2.048 | 80x 10~ 7 9.95

A Normal to c-axis. B Parallel to c-axis.

and loss tangent results are shown only for the TEqn
mode measurements taken perpendicular to the axis of
anisotropy. The room-temperature measurements com-
pare well with those previously reported [4].

4 Summary

Use of the sample under test as a dynamic dielectric
rod resonator and HTS films as endplates of the res-
onator allowed accurate dielectric substrate measure-
ments to be made at cryogenic temperatures. With
proper identification of excited hybrid modes, the tensor
permittivity components of uniaxially anisotropic mate-
rials may be determined. Generally, permittivities of the
tested dielectric substrates at cryogenic temperatures
varied little from their room-temperature values. How-
ever, changes in dielectric loss characteristics at cryo-
genic temperatures can be significant. When dielectric
losses in substrates are important in microwave device
application, they should be measured and specified at
the operating temperature and frequency.
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